Biofilms or multicellular structures become accepted as the dominant microbial lifestyle in Nature, but in the past they were only studied extensively in bacteria. Investigations on archaeal monospecies cultures have shown that many archaeal species are able to adhere on biotic and abiotic surfaces and form complex biofilm structures. Biofilm-forming archaea were identified in a broad range of extreme and moderate environments. Natural biofilms observed are mostly mixed communities composed of archaeal and bacterial species of various abundances. The physiological functions of the archaea identified in such mixed communities suggest a significant impact on the biochemical cycles maintaining the flow and recycling of the nutrients on earth. Therefore it is of high interest to investigate the characteristics and mechanisms underlying the archaeal biofilm formation. In the present review, I summarize and discuss the present investigations of biofilmforming archaeal species, i.e. their diverse biofilm architectures in monospecies or mixed communities, the identified EPSs (extracellular polymeric substances), archaeal structures mediating surface adhesion or cell-cell connections, and the response to physical and chemical stressors implying that archaeal biofilm formation is an adaptive reaction to changing environmental conditions. A first insight into the molecular differentiation of cells within archaeal biofilms is given.
Introduction
Complex microbial communities (biofilms) are the predominant lifestyle of micro-organisms in Nature. Biofilms are formed on the air/liquid interface or liquid/solid surfaces of fixed or dispersed substrata, e.g. mineral or organic particles. Biofilm formation is initiated by the transition from a reversible to an irreversible attachment, often mediated by flagella or type IV pili, followed by the cellular aggregation and proliferation [1] . The architectures of the mature biofilms range from patches of cell aggregates, towerlike macrocolonies to filamentous streamers, traversed by channels to provide the water and nutrient supply in the deeper regions [2] . These complex microbial communities are embedded in a matrix of lipids, polysaccharides, extracellular nucleic acids or proteins referred as the EPSs (extracellular polymeric substances). The EPSs play important roles in microbial biofilms and mediate substrate adhesion, intercellular connection, structural architecture, mechanical stability and retention of water. Extracellular enzymes are retained in the matrix and the accumulation of soluble organic compounds supports the nutrient supply and syntrophic interactions [3] .
On the basis of 16S rDNA studies and FISH (fluorescence in situ hybridization), biofilm-forming archaea were observed in mixed communities with bacteria in a broad range of habitats such as in methane-bearing sea floor sediments, the deep-sea black smokers and hydrothermal vents, Antarctic sea water, under water springs of the Dead Sea, an alkaline crater lake, subterranean thermal springs, cold marsh water or on walls of a sulfide-rich cave system [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . They were present in biofilms of man-made habitats such as acid mine drainages or bioreactors and biofilters mainly applied in wastewater-treatment processes [14] [15] [16] . The environmental abundance and physiological functions of archaeal species identified in mixed biofilms suggest a significant ecological impact on the global cycle of nitrogen, sulfur, iron and carbon [5, 15, 17] . Microcosm experiments with samples from a thermal spring showed the conversion of ammonium into nitrite by the ammonium-oxidizing archaea [5] . Syntrophic interactions of anaerobic methane-oxidizing archaea with sulfate-reducing bacteria efficiently regulate the atmospheric methane efflux from the ocean [18] .
The present review highlights the diversity of biofilmforming archaea and their biofilm architectures, the structures involved in surface adhesion identified and the composition of the EPSs. Furthermore, the aspects of stress response are discussed. Finally, first hints on the molecular differentiation of cells within archaeal biofilms are discussed as derived from two recent studies.
Diversity of archaeal biofilms and their architectures
Biofilm-forming archaea have been identified for halophilic, hyperthermophilic, acidophilic, methanogenic, mesophilic and psychrophilic strains encompassing both major archaeal domains, the Euryarchaeota and Crenarchaeota [4, [19] [20] [21] [22] [23] [24] [25] . An overview of selected archaeal species forming surfaceattached biofilms or multicellular structures is presented in Table 1 .
The multicellular structures formed show a broad spectrum of architectures, reaching from surface-attached patches to dense biofilms with flat or tower-like structures, 
Ignisphaera aggregans
In consortia with Pyrobaculum isolated from geothermal hot springs [13] Cre1 crenarchaeon In community with Thiothrix and the bacterium 'Sip100' thriving among white-greenish 'streamers' in cold sulfurous marsh water [4] unattached cell aggregates, filamentous streamers or the unusual 'string of pearls' communities observed in sulfurous marsh waters [4, 13, [19] [20] [21] [22] [23] 26] . Many Haloarchaea are able to adhere on abiotic surfaces, but the biofilm architectures differ between the genera. Halobacterium salinarum DSM 3754 T , strain R1 and a novel Antarctic isolate, t-ADL DL24, form carpet-like multilayered biofilms containing micro-and macro-colonies. In contrast, biofilms formed by Haloferax volcanii DSM 3757 T and Halorubrum lacusprofundi DL28 are characterized by large aggregates of cells adhering to the surface [21] . For the genus Sulfolobus, differences in biofilm architectures were observed even among closely related species, probably caused by differences in the production and composition of EPSs as well as in the structures mediating the adhesion. Flat biofilms with low cell densities are formed by Sulfolobus solfataricus DSM 1617 and patched biofilms with towerlike aggregates are formed by Sulfolobus acidocaldarius DSM 639
T , whereas Sulfolobus tokodaii DSM 16993 T forms dense carpet-like biofilms with additional surface-attached cell aggregates [22] . Since the various biofilm architectures observed for Haloarchaea and Sulfolobus species have been investigated with monospecies under artificial conditions, it is questionable whether comparable versatile architectures will be present in the natural habitats when mixed populations are found.
Recently, only one example was given for Ferroplasma acidarmanus strain fer1 that forms flat multi-layered biofilms or long filaments when grown under constant flow conditions [19] . Comparable biofilm architectures are found within mixed communities in the natural habitat. In acid mine drainage streams, filamentous biofilms containing F. acidarmanus fer1 were observed associated with the pyritic sediments as well as flat multi-layered biofilm structures containing Ferroplasma spp. found along with pellicle biofilms colonizing the air/liquid interface in acid mine drainage pools [15, 27] . These observations demonstrate that the versatile biofilm architectures observed can be present in natural habitats, obviously depending on the environmental localization.
Also, the internal arrangement of species in mixed biofilms shows a specialized organization apparently dependent on the microbial physiological characteristics. This has been demonstrated for four different horizontal zones of a deep-sea biofilm found at an active sulfide chimney that were analysed by 16S rDNA analysis and FISH. The exterior zones consisted of a mixed population formed by bacteria and archaea dominated by euryarchaeal species. This composition shifted considerably towards the interior zone, which was dominated by uncultured crenarchaeal species related to other 16S rDNA isolates derived from deep subsurface hydrothermal environments, probably driven by an improved adaptation to temperatures above 100
• C [8] . Another example is the pellicle biofilms isolated from the surface of an acid mine drainage pool. The top layer is mainly composed of fungal filaments and archaea dominated by the order Thermoplasmatales, whereas the bottom layer is composed of bacterial Leptospirillum species, producing a cytochrome (Cyt 579 ) associated with iron oxidation mainly present at the basal side facing the liquid interface. The authors suggested that the transition from a monospecies biofilm layer to a multispecies region is affected by chemical and gas gradients that span across the biofilm [27] . This assumption is comparable with the syntrophic interaction proposed for the shell-type consortia from gas-hydraterich sediments that consist of a core of ANME (anaerobicmethanotrophic archaea) surrounded by sulfate-reducing bacteria. The ANME gain energy exclusively from the anaerobic oxidation of methane to carbon dioxide, and the electrons released are apparently used by the sulfate-reducing bacteria for the reduction of sulfate to sulfide [18] .
The coexistence of micro-organisms as a microbial community might not automatically lead to a syntrophic interaction. The SM1 euryarchaeon was first identified from a 'string of pearls' community along with Thiothrix cells and a syntrophic relationship was suggested [23] . Interestingly, using an artificial substratum, the SM1 euryarchaeon could be isolated as a monospecies biofilm [28] , demonstrating that the coexistence could also be dependent on a structurefunction relationship between the biofilm-forming species. Another example has been observed with cells of Pyrococcus furiosus DSM 3638 T which are able to adhere and form dense microcolonies on various biotic and abiotic surfaces, with the exception of glass [29] . In contrast, in co-culture with Methanopyrus kandleri DSM 6324 T the glass surface is also colonized by P. furiosus, forming a bi-species biofilm by the binding to attached cells of M. kandleri [30] .
Archaeal surface adhesion and cell-cell connections
The archaeal flagella (archaellum [30a] ) and pili play a central role in surface adhesion and the formation of cellcell connections. Genes encoding these surface appendages are found in most of the archaeal genomes sequenced. The structural proteins of the archaellum and archaeal pili are related to the bacterial type IV pili, i.e. an assembly ATPase (PilB homologue), a multispanning transmembrane protein (PilC homologue) and a prepilin peptidase (PilD homologue) cleaving the pilin precursors. Archaeal type IV pili also show distinct differences compared with the bacterial type IV pili like the N-glycosylation of the pili subunits and the various conformations of the pili structures [31, 32] .
The [31] . These analyses demonstrate the high possibility of variable combinations of pilin subunits and suggest the existence of multiple type IV pili in these archaeal species. Single, double and triple type IV pili mutants of S. acidocaldarius MW001 were used to investigate the influence of multiple cell-surface structures on biofilm formation [39] . The analyses showed that the archaellum and pili are essential for the formation of a mature biofilm in S. acidocaldarius MW001. The archaellum appeared to be important for the initial adhesion, the Aap pili were involved in adhesion and kept the cells within a certain distance of each other, and the Ups pili known to mediate cell-cell connection also were required for the formation of multicell-layered biofilms [39] . Various cell-surface structures were also observed with Hbt. salinarum DSM 3754
T surface-attached microcolonies by electron microscopy [21] , indicating that in Haloarchaea, multiple cell-surface structures might be involved in biofilm formation as well.
A type IV pili-independent mechanism leading to cellcell connections was reported for a number of haloarchaeal strains and Methanosarcina mazei S-6. The presence of divalent cations (such as Ca 2 + ) mediated the formation of non-surface-attached macroscopic multicellular structures. In these studies, a cell-surface antigen was proposed to mediate the cell-cell connections [26, 42] .
EPSs in archaeal biofilms
Cells of a biofilm are embedded in a flexible matrix of EPSs, i.e. glycoproteins, eDNA (extracellular DNA) and enzymes occurring in a species-specific composition [3] .
The predominant exopolysaccharides identified in the EPSs of Thermococcus litoralis DSM 5473
T , Sulfolobus species and haloarchaeal biofilms were mannose, galactose, glucose, N-acetylglucosamine and/or N-acetylneuraminic acid T and Haloarcula japonica T5 in the presence of glucose stimulated the production and secretion of the exopolysaccharide mannose [44, 45] . Biofilms of Hfx. volcanii DSM 3757
T grown in the presence of glucose showed an induced exopolysaccharide production, but neither an increased biofilm formation nor different biofilm architecture [21] . In contrast, the growth of T. litoralis DSM 5473
T in the presence of maltose caused an increased biofilm formation and EPS production, containing mannose as the only identified saccharidic EPS component [43] . The presence of eDNA was reported for biofilms formed by different Sulfolobus species and haloarchaeal strains [21, 22] . Regarding Haloarchaea, eDNA was observed in microand macro-colonies (Figure 1 ). Nuclease treatments of the biofilms to investigate the structural role of the eDNA were not successful [21, 22] .
Recently, the first enzyme affecting the amount of the EPSs was reported for biofilms of S. solfataricus [46] . The enzymatic modulation or degradation of the EPSs is important for the dispersal of biofilms and the seeding of planktonic cells from mature biofilms to recolonize new habitats [3] . The study shows that the overexpression of a α-mannosidase in S. solfataricus PBL2025 efficiently reduced the amount of the carbohydrates of isolated EPSs. Although the α-mannosidase is a cytoplasmic enzyme, the EPSs observed with microcolonies were less voluminous [46] .
Archaeal biofilms in response to environmental stressors
It is well known that bacterial biofilm communities provide a protective barrier against environmental stress factors such as desiccation, pH shifts or UV-radiation [1, 3] . What is the situation in archaea? Only thin Archaeoglobus fulgidus DSM 4304 T biofilms formed in the late stationary growth phase of pure cultures, whereas thick and dense biofilms formed in response to several stress factors such as temperature shifts, UV-radiation, high pH, increased concentration of NaCl or Cu 2 + ions and treatments with other components toxic to growth. Biofilm formation was observed 2-12 h after the treatment, accompanied by a strong production of EPSs [47] . A high resistance to mechanical, osmotic, physical and chemical stressors was observed for M. mazei S-6 cell packets in comparison with single cells [48] . Strains of Sulfolobus respond to UV-radiation or to chemical argents causing DNA double-strand breaks by forming cell aggregates. The aggregation is mediated by the UV-inducible Ups pili, also facilitating the genomic DNA repair by enhancing the DNA exchange between cells [38, 41] . These pili are also involved in biofilm formation of Sulfolobus [39] . All of these examples demonstrate that archaeal biofilms provide an adaptive lifestyle to encourage the survival in harsh environments and under changing environmental conditions.
Molecular differentiation in archaeal biofilms: first insights
The regulatory networks involved in the transition from planktonic cells to a biofilm-lifestyle are not yet known for any biofilm-forming archaeon. In the case of biofilmforming bacteria, it is known that, after the initial adhesion of the planktonic cells, a differential gene expression occurs, mediated by a complex network of transcription factors, regulating the production of proteins involved in EPS synthesis, adhesins and flagella [49] . This also seems to be true for the archaeal biofilms. Protein samples from planktonic and cells of a biofilm from t-ADL DL24 separated by one-dimensional SDS/PAGE already showed distinct differences (Figure 2 ). An initial proteomic approach identified more than 200 proteins by MS that are exclusively T showed that up to 15% of the genome were differentially expressed [50] . A comparison of the datasets from the biofilm-forming S. solfataricus DSM 1617, S. acidocaldarius DSM 639 T and S. tokodaii DSM 16993
T yielded three proteins that were commonly upregulated in the biofilms, i.e. a DNA-binding protein, a heat-shock protein and a putative Lrs14-like transcriptional regulator [50] . It is possible that the last-named protein represents a master regulator of biofilm formation in archaea.
Perspective
Archaeal biofilms are as widespread and as complex as their bacterial counterparts. A consequent use of archaeaspecific oligonucleotides as well as probes for 16S rDNA analyses and FISH will certainly identify more examples of archaeal biofilms in the future. Studies of the architecture and compositions of the EPSs and adhesion mechanism showed that archaeal biofilms are also highly complex structures. Some elements such as the archaeal pili are already well described, but many important components involved have not yet been identified. The molecular investigation of archaeal biofilms is just at the beginning and it will be challenging to uncover the intra-and extra-cellular factors mediating this complex process.
